We have investigated the effects of doping on a single layer of graphene using angle-resolved photoemission spectroscopy. We show that many-body interactions severely warp the Fermi surface, leading to an extended van Hove singularity (EVHS) at the graphene M point. The ground state properties of graphene with such an EVHS are calculated, analyzing the competition between a magnetic instability and the tendency towards superconductivity. We find that the latter plays the dominant role as it is enhanced by the strong modulation of the interaction along the Fermi line, leading to an energy scale for the onset of the pairing instability as large as 1 meV when the Fermi energy is sufficiently close to the EVHS. DOI: 10.1103/PhysRevLett.104.136803 PACS numbers: 73.22.Pr, 73.20.At, 74.70.Wz, 79.60.Ài The fundamental interactions between charge, spin, and lattice depend very much on the topology of electronic bands, particularly in two dimensions when the Fermi level E F is near a saddle point. Such a saddle point occurs where the curvature of the bands has opposite sign in two orthogonal directions, leading to a van Hove singularity (VHS), i.e., a divergence in the density of states (DOS).
The fundamental interactions between charge, spin, and lattice depend very much on the topology of electronic bands, particularly in two dimensions when the Fermi level E F is near a saddle point. Such a saddle point occurs where the curvature of the bands has opposite sign in two orthogonal directions, leading to a van Hove singularity (VHS), i.e., a divergence in the density of states (DOS).
Much attention has been given to a ''VHS scenario'' in the cuprates, whereby the superconductivity is strongly influenced or even induced by a saddle point VHS [1, 2] . Among the important effects of the VHS are (1) the presence of both electronlike and holelike carriers, leading to an attractive potential favoring pairing, (2) a high DOS, held to favor not only superconductivity but structural and magnetic instabilities, and (3) a perfect screening at wave vectors connecting VHSs, which acts to reduce repulsion. The topology of the VHS is important, especially when the curvature of one band vanishes; i.e., the electron or hole mass diverges. This increases the strength of the divergence in the DOS at such a so-called extended VHS (EVHS), which can increase the critical temperature for superconductivity [3] .
Graphene's band structure has saddle points at the M point of the Brillouin zone (BZ) occurring around AE2 eV from the charge neutrality point at the Dirac energy E D [4] . Since superconductivity occurs in graphene-related systems such as graphite-intercalation compounds and nanotubes, it is interesting to explore whether superconductivity or other instability can appear in graphene itself due to the influence of this VHS.
In this Letter, we present the band structure of highly doped graphene determined by angle-resolved photoemission spectroscopy (ARPES). We show that by chemically doping graphene on both sides, a much higher level of doping can be achieved than previously obtained. By this method, we can induce an electronic topological transition in graphene for the first time, whereby the Fermi energy E F is brought to the position of the saddle point VHS in graphene. We find that the electronic structure is strongly renormalized by the resulting DOS divergence such that the VHS has an extended, not pointlike, character [5, 6] ; feeding the experimental Fermi surface topology into a calculation of the screened Coulomb interaction, we predict the system is unstable to superconducting pairing due to electron-electron interactions.
Clean graphene on SiC(0001) was prepared as before [7, 8] , and various combinations of K and Ca were used as dopants. Ca could be intercalated under the graphene by repeated cycles of Ca deposition and annealing onto slightly incomplete graphene layers, which consist of isolated, but nearly merged islands of monolayer graphene. Once intercalated underneath, the Ca atoms were stable up to the SiC decomposition temperature; further doping could be achieved by adsorbing additional Ca or K atoms on top of the graphene. Potassium was prepared in the dispersed, disordered phase [9] , or else the ordered Kð2 Â 2Þ phase by depositing at low (20 K) or high (100 K) temperature, respectively. Unlike K, Ca atoms showed no long-range order (expected to be of
symmetry as in CaC 6 ) which would lead an energy gap at E D [10] and satellite bands.
Figures 1(a)-1(h) show a series of Fermi surfaces and underlying energy bands as a function of doping. The conical Dirac-like electron pockets centered at the corners K; K 0 of the hexagonal BZ are all characterized by kinks $200 meV below E F due to e-ph coupling and kinks at the Dirac crossing energy E D due to electron-plasmon coupling as reported previously [8] ; here the data are presented for significantly more doping.
With the last film [ Fig. 1 (h)], we achieved a doping just higher than the VHS level. Now the triangular electron pockets at K; K 0 have merged and transformed into a large hole pocket centered at À. This is demonstrated in Fig. 2 , which shows the energy bands along and perpendicular to the K-K 0 line of the graphene BZ. Along this line, the bands no longer cross E F as in Figs. 1(a)-1(g), and across it we can resolve the shallow parabolic band characterizing the hole states above the VHS.
The most notable feature of Figs. 1 and 2 is the high degree of trigonal warping just below the VHS, and the corresponding flatness of the band along the VHS. The lack of energy dispersion in one direction demonstrates an extended, not pointlike, VHS. Such an EVHS cannot be reconciled with existing calculations, as shown by comparing the measured band along the EVHS to three calculations: an elementary near-neighbor (NN) tight-binding (TB) model [4] , and third-NN TB fits to local-density approximation (LDA) [11] and GW calculations [12] . Not only is the experimental band much flatter than in these models, but also the VHS at the M point occurs at much lower energy. This is true even considering a 7% reduction in bandwidth predicted for our highest doping [13] . In contrast, the bands observed near the saddle point below E D (not shown) show a quite ordinary pointlike VHS resembling Fig. 3(a) .
A combined plot of the Fermi surfaces in Fig. 3 (e) shows that they evolve smoothly with doping, independent of the particular combination of dopant atom. In particular, the samples in Figs. 1(f) and 1(g) have indistinguishable Fermi surfaces despite their different dopant composition. This insensitivity to the dopant type suggests that hybridization between Ã and Ca states does not enhance the trigonal warping of the bands as proposed in Ref. [10] as would be expected by the lack of ffiffiffi 3 p Â ffiffiffi 3 p -R30 symmetry in our samples.
We have fitted the experimental bands to an empirical third-NN TB model [11, 14] , plotted in Fig. 2 . Our model is not perfect: first, it misses the notable kinks at E F -200 meV due to mass renormalization from e-ph coupling [8, [15] [16] [17] . These kinks further flatten the bands and extend the length of the EVHS. Second, the model band is not perfectly flat at M. But the broadness of the data admits the possibility of some finite curvature at M, so the model represents a conservative representation of the EVHS, ignoring its enhancement by e-ph interactions. A comparison of the constant-energy surfaces of all the models (after scaling to match the measured VHS energy) with the experimental Fermi surfaces, see Fig. 3 , shows that even after scaling the models to the experimental bandwidth, our empirical model best represents the length and breadth of the EVHS, with GW the next closest.
We believe that the EVHS arises due to the renormalization of the dispersion, self-induced by its own diverging DOS by its proximity to E F . Such effects were predicted generally for 2D systems [5] and for graphene [6] . This is also supported by the more favorable agreement of the GW model, which partially accounts for the e-e interaction.
The e-ph interaction adds an additional mass term near the EVHS, further enhancing its length and the DOS singularity. (The flattening of the saddle point dispersion induced by the divergent DOS is a second-order effect in the interaction potential [5] , so that it can receive added contributions from both the Coulomb and the phononmediated interactions.) Therefore the properties that follow from the EVHS arise from both electron-electron (e-e) and e-ph interactions, which are themselves modified or enhanced by the EVHS.
The importance of the e-ph coupling is suggested by the observed spectral weight transfer from the quasiparticle near E F to a ''hump'' 200 meV below the EVHS (not E F ), whose intensity is larger than can be accounted for in a simple k-independent e-ph coupling model. This hump may arise from polaron formation [18] since near the EVHS the system is in an ''anti-Born-Oppenheimer'' limit: the band velocity is zero so that electronic motion is slower than lattice motion. Therefore as the photohole hops from C to C, the lattice has time to rearrange; the hump represents incoherent intensity resulting from the dressing of the quasiparticles by phonons [19] .
Regardless of the detailed nature of the many-body interactions underlying the extended VHS, it is known that the divergent DOS leads to an instability in the electron system. A possible ferromagnetic ground state has been demonstrated when the Fermi line degenerates as in Fig. 3(d) [20] . Moreover, the strong modulation of the Fermi velocity along the Fermi line and its effect on the interaction vertex may give rise to a pairing instability, following the mechanism proposed by Kohn and Luttinger [21] . Previous analyses of the electron system near a VHS have shown that the screening by the singular DOS at the VHS is sufficiently strong that only the local Coulomb interaction U is important at low energies [5, 22] . Then, the interaction vertex for the BCS kinematics Vðk; k 0 Þ is dressed in the form [23] 
where 0 ðqÞ is the particle-hole susceptibility. Thus, even when the interaction U is repulsive, the strong modulation of 0 ðqÞ along the Fermi line may lead to an attractive coupling.
We have computed 0 ðqÞ in lattices with up to 800 2 points in order to evaluate the BCS vertex Vðk; k 0 Þ and ultimately the effective coupling parameters ðÞ , where the vertex is projected into the different irreducible representations of the hexagonal point symmetry group. These are very sensitive to the on site interaction U. The most remarkable feature is that, regardless of the sign of the interaction U (repulsive or attractive), there is always a dominant attractive coupling ðÞ as a consequence of the EVHS, driving the system to a superconducting instability when the Fermi level is placed close enough to the EVHS.
Taking the value of U ¼ 2:1 eV from graphite [24] , we find the dominant coupling constant ðÞ % À0:12 in the representation given by the cosð3Þ basis function, for a deviation of the Fermi level ¼ 1 meV with respect to the VHS. This can be compared to the case of the ordinary VHS that occurs at the M point $2:5 eV below E D , where we find ðÞ % À0:075. If we consider that the critical scale of the pairing instability is proportional to e À1=j ðÞ j , such a variation of the coupling translates into a difference of 2 orders of magnitude in the critical temperatures expected in the two cases. Figure 4 shows the calculated dominant coupling constant ðÞ as contours in the space of U and . We find that the system is unstable to superconductivity throughout the range studied. In addition, we have also established the phase diagram for magnetism by computing the dependence on temperature T of the uniform susceptibility ð0Þ ¼ 0 ð0Þ=½1 À U 0 ð0Þ. We find that, at sufficiently low T, ð0Þ always has a divergence marking an upper bound for the onset of a magnetic instability, which is represented in Fig. 4 for two different transition temperatures. It is clear, however, that for U $ 2 eV and above, the values of the dominant coupling ðÞ are so large that the superconducting instability will always appear first at a higher temperature.
It is tempting to relate these results to the superconductivity of the graphite-intercalation compounds, most notably CaC 6 , which has the highest value of T c ¼ 11:6 K [25] . Despite an early attribution to e-e interaction [26] , the superconductivity has been well understood in terms of e-ph coupling [27] [28] [29] [30] , although some unresolved issues remain [30] .
Neither ARPES measurements [31, 32] nor theoretical calculations of the band structure [27] [28] [29] [30] and DOS [33] indicate a strong singularity in CaC 6 at E F expected for an EVHS. Part of the reason is that in CaC 6 the neighboring Ca interlayers have different stacking, so that the doped graphene band-originally near the VHS-is split into two bands just above and just below the VHS. In addition, the folding of bands from different parts of the graphene BZ due to the rhombohedral symmetry mixes the Ca and [4, 11, 12] and our empirical band structure [14] . The gray regions highlight the waist of the VHS, defined as the range where the width varies by <5%.
(e) The experimental Fermi surfaces for the samples in Figs. 1(a) -1(h), overlaid on an image of the constant-energy surface at the VHS from the sample in Fig. 1 (h) (55 meV below E F ) [34] .
C states, further disrupting the band structure [27] . So at present there is no reason to believe that electron-electron interactions as described here play a dominant role in CaC 6 superconductivity. That said, our data strongly support the idea that doped graphene can achieve an electronically mediated superconductivity provided that the doping is in the vicinity of the VHS and the lattice symmetry is preserved; i.e., the chemical dopants do not introduce new states near the VHS to disrupt the band structure. 
